We have developed a highly sensitive PCR-based technique termed blockerette-ligated capture T7-amplified reverse-transcription PCR (BCT-RT-PCR), which can be used to characterize unknown proviral flanking sequences from a broad range of samples and depends only on knowing the retroviral sequence. This method incorporates several essential elements to make it both sensitive and specific, including a "blockerette" linker, magnetic capture of target sequences, and exponential replication of potentially rare sequences using a nested promoter for T7 RNA polymerase, followed by nested RT-PCR. This linkage of methods was designed to increase sensitivity by decreasing DNA complexity in favor of specific amplification. The resulting PCR products can be directly sequenced to determine integration sequences. We have successfully determined the integration sequences from as little as 30 pg of provirus-containing DNA in the background of 30 ng of untransduced DNA, representing a 0.1% transduction rate. We also show this technique to have single-cell resolution even in the background of 5000 cells. We describe here for the first time the combined use of BCT-RT-PCR and laser-capture microscopy (LCM) for precise isolation of retrovirally transduced cells followed by determination of the 3Ј retroviral flanking sequence at the single-cell level. This method will aid significantly in determining clonality both in transplant experiments and in the generation of clonal cell populations.
INTRODUCTION
Random DNA-mediated gene transfer has been a powerful experimental tool in functional genomics [1] , insertional mutagenesis [2, 3] , and lineage analysis [4, 5] . Not only does integration-site sequence analysis aid in the understanding of host genome cis-mediated downregulation of transgene expression [6, 7] , but sequence analysis of the genomic site of retroviral integration is also an important analytical tool to determine clonality. We have earlier identified progenitors in human, mouse, and rat marrow that at the population level can differentiate into cells of mesodermal, neuroectodermal, and endodermal lineage [8] [9] [10] . These observations are consistent with recent results from other groups indicating that tissue-specific stem cells may be significantly more malleable than previously thought, a potential known as "stem cell plasticity." However, to prove that stem cells can indeed cross lineage boundaries, it is imperative to demonstrate clonal, single-cell derivation of the multiple lineage-specific progeny. Retroviral vectors are the most efficient vehicles to introduce transgenes into the genome of cells [11] . Retroviral marking studies have been pivotal in proving that single hematopoietic stem cells (HSC) could give rise to multiple hematopoietic lineages after transplantation in mouse and human [2, 5, 12] . The in vitro and in vivo genealogy of individual stem cells can be tracked by following the unique proviral insertion site in the progeny of transduced stem cells. We and others have used retroviral marking to prove that single progenitors can give rise to multiple lineages in vitro [8, 13, 14] .
The first retroviral marking studies, aimed at identifying progeny of single HSC, used Southern blot analysis in which identification of different retroviral insertion sites is based on the variable size of the flanking region in the host cell genome [4, 15, 16] . However, a demand for greater sensitivity has prompted the development of novel experimental approaches. For example, Kim et al. were able to follow 48 unique insertion sequences in a single animal over time using inverse PCR [17, 18] ; this could not have been accomplished by following different-sized DNA sequences using standard Southern blot analysis because of the number of different insertions. However, as pointed out by the authors, inverse PCR has limitations. For instance, the successful amplification of an individual flanking sequence was estimated to occur only 30% of the time, and at least 200 clonal cells were required to identify the flanking sequence. Also, not all sequences could be reliably detected.
A second method, termed extension primer tag selection/ligation-mediated PCR (EPTS/LM-PCR), was recently developed to overcome some of the limitations of inverse PCR. EPTS/LM-PCR relies on extension of proviral sequences using a biotinylated primer followed by magnetic capture on avidin beads and subsequent solidphase LM-PCR. When 10 ng of DNA from five retrovirally tagged clones was mixed with 1 mg of DNA from untransduced cells, the five expected bands were visible [19] . Because this method depends on magnetic capture and this step is done without prior amplification of the target sequence, the inefficiency of the streptavidin/biotin magnetic particle capture system may preclude single-molecule acquisition. In addition, this method depends on blunt-end ligation, which is 10-fold less efficient than cohesive-end ligation. Because the terminal sequence of DNA may affect bluntend ligation efficiency, this method may also bias the results of a multiclonal reaction [20] .
To avoid some of these potential problems and to enhance specificity and sensitivity of the technique, we designed a method that uses linker ligation, magnetic capture, and amplification of target sequences by T7 RNA polymerase, followed by RT-PCR. We term this method blockerette-ligated capture T7-amplified RT-PCR (BCT-RT-PCR). Using this method we show identification of the flanking region in a single retrovirally transduced cell in the background of 5000 untransduced cells as well as reliable identification of multiple insertion sites from oligoclonal cell populations. Furthermore, when we combine this method with LCM to isolate single cells, we are able to determine the specific retroviral integration site.
RESULTS AND DISCUSSION
Our initial goal was to develop an amplification strategy with the ability to characterize the genomic sequences that flank retroviral insertion sites when only 1% of the cells contained the provirus. The amplification strategy is outlined in Fig. 1 . Our technique, similar to vectorette-PCR [21] , relies on the ligation of a unique double-stranded linker to create known sequences on the ends of endonuclease-restricted DNA fragments. The unique feature of this linker is the "mismatch region." The linker-specific primer (LSP) is the same sequence as the mismatch region, and therefore initiates polymerization only after the complement of the mismatch region has been synthesized by the elongation of the vector-specific primer (VSP). Devon et al. [22] and Qureshi et al. [23] have reported reduced (2) Cohesive-end ligation of blockerette or splinkerette linkers to the genomic DNA fragments. (3) PCR with a biotin-coupled T7 promoter sequence-vector-specific primer (T7VSP) and a linker-specific primer (LSP1). (4) Enrichment of the biotin-labeled T7VSP amplicons by a streptavidin magnetic capture system. (5) In vitro transcription using the T7 promoter that was incorporated into the viral-specific primer followed by a DNase. (6) Reverse transcription using the linker-specific primer (LSP1). (7) The final step of nested RT-PCR. METHOD doi:10.1006/mthe.2002.0637, available online at http://www.idealibrary.com on IDEAL nonspecific amplification by the introduction of additional features to the linker. The main additional feature of the splinkerette, as it is called, is the design of the hairpin loop in the top oligonucleotide. It was added to eliminate a phenomenon referred to as end-repair priming [reviewed in 22, 24] . This feature might compromise the efficiency of splinkerette-PCR, because the hairpin loop would initiate polymerization along all tagged fragments if the top oligonucleotide were allowed to ligate during the tagging procedure. This possibility is eliminated by simply not phosphorylating the splinkerette [22] .
In our first sensitivity test, 300 fg, 30 fg, and 3 fg of the retrovirus plasmid pMSCV-eGFP (equivalent to 32,000, 3200, and 320 copies) was spiked into 300 ng of human DNA (equivalent of ~ 46,000 cells) and digested with EcoRI. After splinkerette ligation, 10 rounds of PCR were conducted using a biotin-coupled vector-specific primer (T7VSP) harboring a T7 promoter sequence and a linkerspecific primer (LSP1). No more than 10 rounds of amplification were used, as we have observed that there is an increase in background with more cycles (data not shown). The product generated was captured on streptavidin magnetic beads. While the captured DNA was still on the beads, it was subjected to in vitro transcription using T7 RNA polymerase. This technique is similar to antisense RNA (aRNA) amplification, which uses in vitro transcription to obtain a 2000-fold amplification [25] . After DNase treatment to reduce background, RNA was purified and used in a reverse-transcription reaction with the LSP1 primer. Finally, nested PCR was accomplished with the (internal) vector-specific primer (VSP2) and the (internal) linker-specific primer (LSP2). We called this initial method splinkerette-ligated capture T7 RT-PCR, or SCT-RT-PCR. We detected ~ 320 copies of retroviral DNA in the background of 46,000 cells (Fig. 2 ). This would represent ~ 1% of cells with a single viral integrant in the population.
We believed that by not phosphorylating the splinkerette, we would prevent polymerization along tagged fragments. However, we hypothesized that this could lead to other problems such as allowing nonspecific amplification if two complementary DNA fragments hybridize in the annealing step of the PCR, because the untagged top genomic strand would be extended across the mismatched region. This realization, coupled with the knowledge that an efficient hot start [26] and ligation should eliminate end-repair priming, motivated us to investigate an alternative linker design. We developed a "blocked"-linker approach. Two features in the blocked linker are different from the splinkerette linker. First, the hairpin loop has been replaced by a 3Ј-propyl phosphate to block polymerization across the mismatched region. The manufacturer has referred to the 3Ј-propyl phosphate block as the most effective non-nucleosidic blocker of the 3Ј terminus polymerase extension (Glen Research, Sterling, VA). Second, the top oligonucleotide is phosphorylated. This tags the top genomic strand and blocks polymerization Mixed DNA was digested with EcoRI, which leaves the same 5Ј overhang as AcsI (the enzyme described in Fig. 1 ). The expected band of 1.2 kb is visible on the gel. across the mismatched region. Other reports have described similar modified linkers in which they used a dideoxynucleotide [27] or an amine group [28] to block nonspecific polymerization.
We then compared the sensitivity and specificity of the "splinkerette" linkers with the blocked linker ("blockerette") in amplifying retroviral flanking regions (Fig. 3 ). In this study, we used a mixture of 5 cells, derived from bulk-sorted enhanced green fluorescent protein (eGFP)-positive retrovirally transduced cells, with 5000 nontransduced cells, or 1 cell mixed with 1000 cells in the same manner. Figure 3A shows detection of five bands from the five-cell experiments or one band from the single-cell dilution. Because of the known location of the primers in the MSCV-eGFP vector, we can determine a minimal product length with a "cutoff" point beyond which anything smaller would have to be nonspecific or primer-generated background. All bands representing products longer than the "cutoff" were sequenced. As expected, the sequence revealed the 3Ј-retrovirus long terminal repeat (LTR) followed by the genomic insertion sequence. BLAST search of sequences 3Ј to the LTR showed different genomic insertion sites for each band (data not shown). A faint band appearing in the 1:1000 dilution was found to be nonspecific. Such spurious faint artifacts rarely occurred but are most likely due to the multiple rounds of amplification employed during this protocol. Figure 3B shows a more robust result in a similar experiment using the BCT-RT-PCR protocol. All five bands from the BCT-RT-PCR were present in sufficient quantities to allow for direct sequencing from the gel without subcloning. BLAST of sequences 3Ј to the LTR showed five different genomic insertion sites. These data show that both methods are highly specific and sensitive. Our technique, with its ability to detect single target molecules in a cell population of 5000 cells, is more sensitive than previously described techniques to identify sequences in the genome when only one side of the sequence is known. We have tested BCT-RT-PCR to detect increased numbers of retroviral integrants (up to 100), but the ability to resolve these on an agarose gel becomes limiting and band resolution weakens, resulting in a smear (data not shown).
To test further the limits of BCT-RT-PCR, we analyzed cells obtained by laser-capture microscopy (LCM), which is becoming the method of choice for single-cell acquisition [29] . We captured individual cells from bulk-sorted eGFP + retrovirally transduced cells. After transduction, cells were mounted and fixed onto a microscope slide. Using LCM, we identified the eGFP + cells by fluorescence, after which we isolated single cells to microfuge tubes at one cell per tube. DNA was extracted by proteinase K digestion, and BCT-RT-PCR was carried out as described in Fig. 1. Figure 4 shows the successful isolation of the flanking regions of four different cells representing four different retroviral integrants. The electrophoresed products were directly sequenced without subcloning and showed that each sequence represented a different integration site. Thus, we demonstrated that we could successfully amplify the DNA flanking integrated proviruses using BCT-RT-PCR in single cells obtained by LCM. There are a number of situations, especially in in vivo studies that involve a far greater number of untransduced (for example, host) cells than of transduced cells, in which the ability to isolate single cells by LCM would be useful. Several techniques have been described for integrationsite analysis [24] . When the primary considerations are the required cell number, sensitive and unbiased detection of rare oligoclonal integrants, and the overall robustness to detect oligoclonal integrants over a wide range of starting genomic DNAs, we contend that the BCT-RT-PCR described here is unsurpassed in sensitivity. Due to this extreme sensitivity, in some applications such as looking for clonal cells in a transplanted organ of an animal, it would be wise to use BCT-RT-PCR in combination with LCM, with potential cells identified by a fluorescent marker (for example, eGFP) and possibly an additional marker to identify the specific cell type through immunofluorescence. 
MATERIALS AND METHODS

Transduction using an eGFP retrovirus. A murine stem cell virus (MSCV)
containing the enhanced green fluorescent protein (eGFP) was used to infect the natural-killer cell line NK92 [30] . After virus supernatant was prepared as described [31] , 1 ϫ 10 5 cells were placed in collagen-coated transwells of six-well plates. A 1-ml portion of eGFP-containing retroviral supernatant was filtered through the transwell, and the cells were cultured for 8 hours at 37ЊC in 5% CO 2 . This procedure was repeated once. After 24 hours, eGFP + cells were selected by fluorescence-activated cell sorting (FACStar Plus with Consort 32 computer) as bulk populations. Cells were maintained in culture in RPMI medium with 10% FCS and interleukin-2, 500 units/ml (Sigma).
Blockerette and splinkerette linker and primers.
The two oligonucleotides to make the linker used for the blockerette protocol were as follows: top strand, 5Ј-AATTTAGCGGCCGCTTGAATT-propyl phosphate-3Ј; bottom strand, 5Ј-AGTGTGAGTCACAGTAGTCTCGCGTTCGAATTCAAGCGGC-CGCTA-3Ј (the underlined sequence represents the sequence of the linkerspecific primer (LSP1) used for the first round of PCR and the reverse-transcription step). The top strand for the splinkerette linker was 5Ј-AATTTAGCGGCCGCTTGAATTTTTTTTTGCAAAAA-3Ј (the hairpin loop-forming sequence is in bold), and the bottom strand sequence was the same as for the blockerette linker. The linkers were prepared by heating 50 M of combined oligos at 95ЊC for 5 minutes followed by slowly cooling to room temperature.
The biotin-coupled T7 promoter sequence-vector-specific primer (T7VSP) was as follows: Biotin-5Ј-GGCCAGTGAATTGTAATACGACTCAC-TATAGGCTGGCACATGGTCCTGCTGGAGTTCGTGAC-3Ј. The underline shows the minimum promoter sequence needed for efficient in vitro transcription, and the bold sequence is specific to the retroviral vector (in these experiments it is specific for the eGFP coding sequence). The primer for the reverse-transcription step was LSP1 (as just described). The primers used for the final nested PCR were as follows: the vector-specific primer (VSP2) was 5Ј-GGCCAAGAACAGATGGAACAGCTGAATATG-3Ј, which recognizes LTRspecific sequences for cells transduced with the MSCV retroviral vector, and the linker-specific primer (LSP2) was 5Ј-TCTCGCGTTCGAATTCAAGCG-GCCGCTA-3Ј, which recognizes a portion of the linker upstream of LSP1.
Laser-capture microscopy (LCM).
Polyclonal MSCV-eGFP retrovirally transduced cells were cytospun onto microscope slides at 700g for 7 minutes. Slides were fixed according to manufacturer's recommendations (Arcturus Engineering, Inc., Mountain View, CA). Individual cells were isolated by LCM at a power setting of 70 mW and a pulse of 3 ms onto Capture HS LCM caps.
DNA isolation, restriction endonuclease digestion, and linker ligation.
For cell numbers > 1 ϫ 10 5 , genomic DNA was isolated by the nuclei isolation and phenol-chloroform extraction method described using the phase-lock gel system (Eppendorf Scientific, Westbury, NY). The DNA was digested with AcsI (15 units/g) in a total volume of 20 l. After incubation for 2 hours at 50ЊC, the volume was adjusted to 98 l by adding 9.5 l of 10ϫ ligation buffer (Ambion, Inc. Austin, TX), 5 l of the appropriate linker, and 63.5 l H 2 O. The samples were then heated at 50ЊC for 5 minutes and cooled slowly to 16ЊC. Ligase (1 unit/l; Ambion, Inc.) was added and the reactions were incubated overnight at 16ЊC. The samples were then precipitated with ethanol, washed with 70% ethanol, and resuspended in 20 l of diethyl pyrocarbonate-treated H 2 0 (DEPC-H 2 O) (Ambion, Inc.).
For LCM, the genomic DNA was isolated by the PicoPure DNA Extraction Kit (Arcturus Engineering, Inc.). After the last step in the DNA extraction protocol (958C for 10 minutes), the samples were slowly cooled to 50ЊC and 0.5 l (5 units) of AcsI was added. After incubation for 4 hours at 50ЊC, 0.5 l of the linker was added and the sample was slowly cooled to 16ЊC. A mixture of 1.33 l of 75 mM ATP solution (Ambion, Inc.), 1.66 l 10ϫ ligation buffer (Ambion, Inc.), and 2 l of ligase (1 unit/l; Ambion, Inc.) was made, and 0.5 l of this mixture was added to each sample. The reactions were incubated overnight at 16ЊC.
Amplification and capture. The first PCR was carried out by adding 5 l of 10 ϫ Advantage 2 PCR buffer, 1 l dNTP mix (10 mM each), 1 l of 50ϫ Advantage 2 polymerase mix (Clontech Laboratories, Palo Alto, CA), 1 l T7VSP (20 M), and 1 l LSP1 (20 M), and H 2 0 to a volume of 50 l. PCR was conducted under the following conditions: 94ЊC for 1 minute; 5 cycles of 94ЊC for 30 seconds, and 72ЊC for 3 minutes; 5 cycles of 94ЊC for 30 seconds, 70ЊC for 30 seconds, and 72ЊC for 3 minutes.
For magnetic capture, an equal volume (50 ml) of 2ϫ binding buffer (20 nM Tris-HCl, pH 7.5, 2 mM EDTA, and 200 mM NaCl) and 7 l streptavidin magnetic particles (Roche), previously prepared by washing three times in 1ϫ binding buffer and resuspending at 10 mg/ml, were added to the PCR product. The mixture was incubated for 30 minutes at room temperature with continuous vortexing. The beads were then immobilized by placing the tube in a magnetic stand. The supernatant was removed and discarded. Beads were washed twice with 50 l wash buffer (10 mM Tris-HCl, pH 7.5, and 1 mM EDTA), once with 50 l DEPC-treated H 2 O, and resuspended in 8 l of DEPC-treated H 2 O. This enriched PCR product, while still captured on the streptavidin magnetic particles, was used for the subsequent in vitro transcription.
In vitro transcription and DNase treatment.
In vitro transcription was carried out using the captured PCR product according to the manufacturer's protocol (T7 Megascript Kit; Ambion, Inc.) at 37ЊC for 12 hours. The samples were then digested with 1 unit DNase I (Gibco-BRL) in a volume of 100 l at 37ЊC for 15 minutes. The beads were removed by placing the tube in a magnetic stand after adding 350 l of the RTL buffer (Qiagen, Valencia, CA). RNA purification was achieved by RNeasy mini cleanup protocol (Qiagen) and resuspended in H 2 0 at a final volume of 30 l.
RT-PCR.
An aliquot of the RNA (11 l) was subjected to RT using 5 M LSP1 according to the Superscript II protocol (Invitrogen, Carlsbad, CA). A 2-l aliquot of the RT reaction was used for the nested PCR reaction using VSP2 and LSP2. As in the first PCR, the Advantage 2 protocol was used but with the following cycling conditions: 94ЊC for 1 minute; 5 cycles of 94ЊC for 30 seconds and 72ЊC for 3 minutes; 5 cycles of 94ЊC for 30 seconds, 70ЊC for 30 seconds, and 72ЊC for 3 minutes; 30 cycles of 94ЊC for 30 seconds, 65ЊC for 30 seconds, and 72ЊC for 3 minutes. Products were visualized by electrophoretic separation on 1% agarose gels and ethidium bromide staining.
Subcloning and sequencing amplicons. Many products were isolated from agarose gels by the QIAquick gel extraction kit (Qiagen), followed by directly sequencing with the MSCV-LTR primer (5Ј-GATC-CTTGGGAGGGTCTCCT-3Ј) conducted at the Advanced Genetic Analysis Center, University of Minnesota. Some amplicons were cloned into TOPO XL PCR Cloning kit (Invitrogen) according to the manufacturer's instructions and transfected into bacteria. Individual colonies were selected, expanded, and DNA prepared by miniprep protocol (Qiagen) and sequenced with the above primer.
